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Talk	
  Outline
§ This	
  work	
  and	
  SoS
§ Mo=va=on	
  –	
  why	
  joint	
  inversion	
  for	
  Earth	
  
models?

§ Surface	
  waves,	
  receiver	
  func=ons	
  and	
  gravity
–Case	
  studies

§ Addi=on	
  of	
  body	
  wave	
  travel	
  =mes
–Case	
  studies

§ Conclusions
§ Near	
  future	
  challenges	
  and	
  needs
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§ Signatures	
  characterize	
  an	
  event	
  as	
  either	
  natural	
  or	
  
anthropogenic.

§ EES-­‐17	
  GMAC	
  (Geophysical	
  Modeling	
  And	
  
Associa=on)	
  team	
  makes	
  use	
  of	
  seismic	
  and	
  acous=c	
  
signatures	
  to	
  detect,	
  locate	
  and	
  characterize	
  smaller	
  
seismoacous=c	
  events.	
  

This	
  work	
  and	
  SoS
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§ Accurate	
  Earth	
  
models	
  of	
  the	
  3D	
  
seismic	
  structure

§ Focus	
  on	
  shallow	
  
crust	
  and	
  upper	
  
mantle	
  by	
  using	
  
simultaneous	
  joint	
  
inversion	
  of	
  mul=ple	
  
and	
  independent	
  
datasets.

This	
  work	
  and	
  SoS
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Can	
  we	
  construct	
  accurate	
  and	
  precise	
  3D	
  Earth	
  models	
  from	
  
only	
  seismic	
  observa:ons?

Mo7va7on
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Can	
  we	
  construct	
  accurate	
  and	
  precise	
  3D	
  Earth	
  models	
  from	
  
only	
  seismic	
  observa:ons?

Mo7va7on

Can	
  we	
  construct	
  accurate	
  and	
  precise	
  3D	
  Earth	
  models	
  from	
  
only	
  seismic	
  observa:ons?

Working	
  with	
  surface	
  waves,	
  we	
  developed	
  high-­‐resolu?on	
  Rayleigh	
  
wave	
  slowness	
  tomographic	
  maps	
  (Maceira	
  et	
  al.,	
  2005)
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Mo7va7on

Following	
  the	
  tradi?onal	
  approach,	
  we	
  generated	
  a	
  3D	
  S-­‐wave	
  
seismic	
  model	
  from	
  the	
  surface	
  wave	
  tomographic	
  model.
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PROBLEM:	
  It	
  has	
  long	
  been	
  recognized	
  that	
  deriva?on	
  of	
  geophysical	
  models	
  for	
  a	
  given	
  
observable	
  oMen	
  provides	
  poor	
  predic?on	
  capabili?es	
  for	
  other	
  parameters.	
  In	
  theory	
  
however,	
  earth	
  models	
  should	
  be	
  consistent	
  among	
  a	
  variety	
  of	
  measurements,	
  as	
  the	
  
material	
  whose	
  proper9es	
  we	
  are	
  modeling	
  does	
  not	
  change.	
  

Mo7va7on
Can	
  a	
  model	
  derived	
  from	
  one	
  type	
  of	
  geophysical	
  data	
  predict	
  a	
  second	
  type	
  of	
  
data?
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§ Different	
  data	
  sets	
  have	
  different	
  
spa=al	
  coverage	
  and	
  resolu=on.

§ “Standard”	
  geophysical	
  models	
  are	
  
developed	
  only	
  to	
  fit	
  one	
  type	
  of	
  
data.	
  

§ Different	
  data	
  types	
  have	
  different	
  
strengths.

Multiple challenges
§ Deal	
  with	
  different	
  data	
  bandwidths.

§ Design	
  responsive	
  misfit	
  norms;	
  rela=ve	
  weigh=ng	
  of	
  data	
  sets.

§ Make	
  assump=ons	
  to	
  model	
  the	
  different	
  data;	
  rela=onships	
  between	
  
independent	
  data	
  sets.

Multiple benefits

Why	
  simultaneous	
  joint	
  inversion?	
  It	
  
enables	
  spanning	
  spa7al	
  and	
  data	
  scales!
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Evolu7on	
  of	
  Analysis	
  Codes:
It	
  takes	
  a	
  village
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LANL	
  pioneers	
  simultaneous	
  joint	
  inversion	
  of	
  surface	
  
waves,	
  receiver	
  func7ons,	
  and	
  gravity	
  

x	
  -­‐>	
  Earth	
  seismic	
  model	
  …	
  unknown!
b	
  -­‐>	
  data
A	
  -­‐>	
  matrix	
  of	
  equa?ons	
  rela?ng	
  model	
  to	
  
data

Vertical
Smoothness

Lateral
Smoothness

a priori model

A x b=

=
Dispersion

& Rftns

Gravity
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  of	
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waves,	
  receiver	
  func7ons,	
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  gravity	
  

x	
  -­‐>	
  Earth	
  seismic	
  model	
  …	
  unknown!
b	
  -­‐>	
  data
A	
  -­‐>	
  matrix	
  of	
  equa?ons	
  rela?ng	
  model	
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data
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Maceira	
  (2006)

Challenge:	
  
Rela7onship	
  between	
  independent	
  variables
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Maceira	
  (2006)

Challenge:	
  
Rela7onship	
  between	
  independent	
  variables

Now	
  known	
  as	
  the	
  Maceira	
  &	
  Ammon	
  rela9onship!!!
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§ Most	
  geophysical	
  tomography	
  results	
  use	
  a	
  rela=vely	
  simple	
  
mathema=cal	
  smoothing

üLaplacian	
  smoothing

üGaussian	
  averaging

§ Such	
  mathema=cally	
  simple	
  smoothing	
  is	
  appropriate	
  for	
  
dispersion	
  tomography,	
  but	
  not	
  always	
  for	
  shear-­‐velocity	
  
inversions	
  

Crea7ve	
  and	
  be@er	
  use	
  of	
  geologic	
  informa7on	
  
to	
  address	
  challenges
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Crea7ve	
  and	
  be@er	
  use	
  of	
  geologic	
  informa7on	
  
to	
  address	
  challenges

Smoothing	
  allowed	
  inside	
  the	
  same	
  geological/tectonic	
  unit	
  to	
  
preserve	
  known	
  boundaries
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§ We	
  no=ced	
  leakage	
  
of	
  high	
  wavenumber	
  
gravity	
  features	
  into	
  
the	
  deep	
  structure.

§ Our	
  solu=on:	
  filtering	
  
of	
  the	
  gravity	
  data.	
  

Gravity	
  challenges	
  …	
  what	
  to	
  do?
Depth-­‐dependent	
  smoothing,	
  filtering,	
  …	
  

1D	
  inversion	
  with	
  only	
  surface	
  waves	
  data
1D	
  inversion	
  with	
  surface	
  wave	
  &	
  gravity
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Gravity	
  challenges	
  …	
  what	
  to	
  do?
Depth-­‐dependent	
  smoothing,	
  filtering,	
  …	
  

LANL	
  approach
(equalizing	
  Ax=b)

TRADITIONAL	
  approach
(only	
  gravity	
  data	
  filter)
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Maceira	
  and	
  Ammon	
  (2009)

Case	
  Study	
  I:
Tarim	
  basin	
  and	
  applica7on	
  to	
  monitoring	
  mission
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§ Sedimentary	
  basins	
  show	
  very	
  
slow	
  in	
  the	
  new	
  3D	
  shear-­‐
velocity	
  model.	
  Is	
  this	
  an	
  
improvement?

§ We	
  tested	
  the	
  ability	
  of	
  the	
  new	
  
joint	
  3D	
  model	
  to	
  predict	
  
surface	
  wave	
  arrivals	
  at	
  short	
  
periods	
  –	
  essen=al	
  for	
  
measuring	
  surface	
  wave	
  
magnitude	
  at	
  shorter	
  periods	
  
than	
  20	
  s	
  (discrimina=on	
  
implica=ons	
  for	
  smaller	
  events)

Case	
  Study	
  I:
Tarim	
  basin	
  and	
  applica7on	
  to	
  monitoring	
  mission
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USING MODEL FROM 
INVERSION OF ONLY 
DISPERSION 
OBSERVATIONS 

USING MODEL FROM 
JOINT INVERSION

Case	
  Study	
  I:
Successful	
  discrimina7on	
  for	
  monitoring	
  mission
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  Study	
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USING MODEL FROM 
INVERSION OF ONLY 
DISPERSION 
OBSERVATIONS 

USING MODEL FROM 
JOINT INVERSION

Case	
  Study	
  I:
Successful	
  discrimina7on	
  for	
  monitoring	
  mission

DETECTION 73% 
improvement
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Case	
  Study	
  II:
East	
  Africa	
  RiK	
  System	
  and	
  geodynamics

3D	
  S-­‐wave	
  velocity	
  model	
  from	
  joint	
  inversion	
  of	
  
surface	
  waves	
  and	
  gravity	
  observa?ons
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Case	
  Study	
  II:
East	
  Africa	
  RiK	
  System	
  and	
  geodynamics

3D	
  S-­‐wave	
  velocity	
  model	
  from	
  joint	
  inversion	
  of	
  
surface	
  waves	
  and	
  gravity	
  observa?ons

???
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We	
  propose:
Nascent	
  ri@	
  branch	
  or	
  
old	
  ri@	
  reac:va:on?
(Maceira	
  et	
  al.,	
  G3	
  in	
  review)

Case	
  Study	
  II:
New	
  riM	
  branch?	
  –	
  important	
  geodynamic	
  implica7ons
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Case	
  Study	
  III:
Western	
  USA	
  –	
  Unprecedented	
  Data	
  Sets
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Case	
  Study	
  III:
Western	
  USA	
  –	
  Exploring	
  dense	
  coverage	
  opportuni7es
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  ReviewCase	
  Study	
  III:
First	
  con7nental-­‐scale	
  applica7on	
  of	
  joint	
  inversion	
  

of	
  surface	
  waves,	
  receiver	
  func7ons	
  &	
  gravity

Successful!!!
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Case	
  Study	
  III:
Western	
  USA	
  –	
  Unprecedented	
  Data	
  Sets

Models	
  are	
  consistent	
  and	
  smooth	
  

–	
  perfect	
  a	
  priori	
  models	
  for	
  full	
  waveform	
  tomography.
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LANL	
  pioneers	
  again:
Adding	
  body	
  waves	
  travel	
  7mes

For	
  two	
  events	
  recorded	
  at	
  the	
  same	
  sta?on

we	
  can	
  define	
  the	
  “double	
  difference”
(Zhang	
  and	
  Thurber,	
  2003)
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Absolute	
  and	
  differen=al	
  =mes
§ structure	
  near	
  source	
  region	
  is	
  

resolved	
  at	
  finer	
  scale	
  by	
  
differen?al	
  data

§ structure	
  beyond	
  source	
  region	
  is	
  
resolved	
  by	
  absolute	
  data

Regional	
  scale	
  version	
  tomoFDD
§ considers	
  sphericity	
  of	
  the	
  earth
§ finite-­‐difference	
  ray	
  tracing	
  method	
  is	
  

used	
  to	
  deal	
  with	
  major	
  velocity	
  
discon?nui?es 

LANL	
  pioneers	
  again:
Adding	
  body	
  waves	
  travel	
  7mes

For	
  two	
  events	
  recorded	
  at	
  the	
  same	
  sta?on

we	
  can	
  define	
  the	
  “double	
  difference”
(Zhang	
  and	
  Thurber,	
  2003)
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Zhang	
  et	
  al.	
  (2014)

Case	
  Study	
  IV:
First	
  ever	
  simultaneous	
  joint	
  inversion	
  of	
  surface	
  
wave	
  dispersion	
  and	
  body	
  waves	
  travel	
  7mes



2014	
  Science	
  of	
  Signatures	
  Pillar	
  Review

Op=mal

Zhang	
  et	
  al.	
  (2014)

Case	
  Study	
  IV:
First	
  ever	
  simultaneous	
  joint	
  inversion	
  of	
  surface	
  
wave	
  dispersion	
  and	
  body	
  waves	
  travel	
  7mes



2014	
  Science	
  of	
  Signatures	
  Pillar	
  Review

Zhang	
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  (2014)

Case	
  Study	
  IV:
Parkfield:	
  Applica7on	
  to	
  LOCAL	
  scales!
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Adding	
  gravity	
  to	
  local	
  scale	
  -­‐	
  CHALLENGING!!!	
  
Ellen	
  Syracuse	
  (new	
  LANL	
  Director’s	
  PD)
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§ LANL	
  pioneers	
  advanced	
  mul?variate	
  inversion	
  
techniques	
  for	
  Earth	
  seismic	
  structure	
  modeling	
  at	
  
con?nental	
  (USA)	
  and	
  local	
  scale	
  (Parkfield).

§ Successful	
  applica?on	
  for	
  reducing	
  surface	
  wave	
  
magnitude	
  Ms	
  threshold	
  and	
  detec?ng	
  smaller	
  
events	
  (Tarim	
  basin	
  case	
  study).

§ New	
  models	
  hint	
  to	
  new	
  geodynamical	
  and	
  
tectonics	
  interpreta?on	
  (EARS	
  case	
  study).

§ Poten?al	
  use	
  for	
  surrogate	
  measurements	
  in	
  areas	
  
without	
  access	
  to	
  seismic	
  signatures	
  (applica?on	
  
to	
  local	
  scale).

Conclusions
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§ Challenges:
–Improve joint inversion methodology (surface 

waves 2-step process; uneven illumination).
–Extension of present methodology to local scales.

§ Needs:
–Independent validation of 3D geophysical models.
–Uncertainty Quantification

• Reduce location error
• Informed decision making

Near	
  Future


